Abstract This paper presents an industrial application of topology optimization for combined conductive and convective heat transfer problems. The solution is based on a synergy of computer aided design and engineering software tools from Dassault Systèmes. The considered physical problem of steady-state heat transfer under convection is simulated using SIMULIA-Abaqus. A corresponding topology optimization feature is provided by SIMULIA-Tosca. By following a standard workflow of design optimization, the proposed solution is able to accommodate practical design scenarios and result in efficient conceptual design proposals. Several design examples with verification results are presented to demonstrate the applicability.
Introduction
Topology optimization is a generative design tool for conceptual structural design, pushing the limit of product performance based on computer simulation and optimization technologies. It originates from the area of mechanical structural design (Bendsøe and Kikuchi (1988) ; Bendsøe and Sigmund (2003) ) (e.g. aircraft, automotive, etc.) where a lightweight structural layout is desired that satisfies static or dynamic design requirements. It now has been broadened to industrial application for multi-disciplinary problems. This paper presents an industrial solution to design topologically optimized structures for combined conductive and convective heat transfer problems. The solution is a synergy of various technologies, including Computer Aided Design (CAD), Finite Element Analysis (FEA) and topology optimization, which are enabled by Dassault Systèmes softwares Catia, SIMULIA-Abaqus (2015) and SIMULIA-Tosca (2015) , respectively. The proposed solution can be applied to the industrial design of electronic devices, heating appliances, combustion engines and electric motors etc., when thermal management becomes critical besides other design requirements such as low weight, high stiffness and strength.
The considered physical problem herein is steady-state heat transfer under convection where thermal energy is transferred through (i) conduction inside the structural body and (ii) convection across the structure-fluid interface. For topology optimization of such a problem, one key issue is to characterize the convection load in the optimization process. With the density based topology optimization approach, the convection surface is loosely defined at the beginning and constantly changing once the overall topology has been settled. Since convection is a surface controlled phenomenon, it is important to find a way to effectively interpolate the convection into the design-domain. In previous research, various ways have been proposed to model the convection: Sigmund (2001) uses a simplified convection model where side convection is indirectly modeled by conduction into void regions; Yin and Ananthasuresh (2002) use a density-based peak interpolation function; Yoon and Kim (2005) introduce a special type of parameterized connectivity between elements; Bruns (2007) suggests to interpolate the convection coefficient (also known as film coefficient) as a function of the density-gradient; Iga et al (2009) use a density-based smeared-out Hat-function, which also tried to take variation in the strength of the convective heat transfer into account; Dede et al (2015) adopt a solution similar to Iga et al (2009) to design and manufacture heat sinks subject to jet impingement cooling including spatial variability of the convection coefficient. Another approach is level set method based optimization (Ahn and Cho (2010) ; Coffin and Maute (2015) ), for which the convection is defined precisely at the structure-fluid interface.
The topology optimization feature for combined conductive and convective heat transfer problems in SIMULIA-Tosca follows the idea which is initially suggested by Bruns (2007) and investigated by Alexandersen (2011a,b) . A simplified engineering approach is adopted by assuming a design-dependent film coefficient in the optimization process, which is readily compatible with the thermal analysis in SIMULIA-Abaqus. It should be mentioned that it is possible to apply topology optimization to the full conjugate heat transfer problem (see Yoon (2010) for forced convection and Alexandersen et al (2014) for natural convection). However, this increases the computational cost significantly and is currently not desirable in industrial settings.
The remaining content of this paper is organized as follows. In Chapter 2, the governing equation and finite element model of steady-state heat transfer under convection are first introduced. Then, the importance of applying a design-dependent convection in topology optimization is highlighted using a demonstration example. In addition, an industrial workflow of design optimization using CAD and CAE softwares is stated. In Chapter 3, several industrial design examples are presented and discussed with verification results. Conclusions are stated in Chapter 4.
Problem Formulation

Steady-state heat transfer under convection
The governing equation for the computational domain Ω is the steady-state heat transfer equation:
where T is the temperature field, x i are the spatial coordinates and k is the thermal conductivity. The boundary is split into disjoint subsets Γ = Γ flux ∪ Γ ins ∪ Γ conv ∪ Γ dir , on which the following boundary conditions are imposed:
where (2) is the prescribed surface flux condition, (3) is the insulation condition, (4) is the boundary convection condition, and (5) is the prescribed temperature condition. Furthermore, q 0 is the prescribed surface flux, h is the convection coefficient, T ref is the reference temperature of the ambient fluid and T 0 is the prescribed temperature. By discretizing the governing equation using finite elements, a system of linear equations is obtained as follows:
where K is the conductivity matrix, H is the convection matrix, t is the vector of nodal temperatures, f is the flux vector arising from (2) and f h is the convection vector arising from (4).
Design-dependent convection in topology optimization
Heat transfer by convection happens when solid objects are in contact with a fluid and the energy is transferred to or from a surrounding fluid across the solid-fluid interface due to a temperature difference. Generally, the efficiency of heat transfer is determined by various factors, including the property and speed of the moving fluid and the size, shape and properties of the solid object. It is possible to simulate a conjugate heat transfer process using thermo-fluidic modeling, which can also be leveraged in topology optimization Yoon (2010) ; Alexandersen et al (2014) ). However, it requires intensive computational resources and it is currently not desirable for industrial applications. Another simplified way to characterize the heat transfer by convection is to define an average convection heat transfer coefficient and a convective flux at the interface by (4). The convection coefficient can be estimated or found in engineering tables for different solid-fluid interactions. It is common engineering practice to simplify thermal calculations in such a way and a topology optimization approach considering this simulation approach is therefore of industrial importance. A topology optimization feature for thermal problems is implemented in SIMULIA-Tosca. The idea is a variant of the work in (Bruns (2007) ; Alexandersen (2011a,b) ), where both the conductivity and the convection coefficient are assumed design-dependent and interpolated during the optimization process. Due to confidentiality, implementation details are not given in this paper. However, the importance of using design-dependent convection in topology optimization is verified using a demonstration example.
As shown in Fig. 1(a) , a rectangular block of dimension 250 × 250 × 40mm is setup as the design domain. It is subject to a prescribed temperature T = 100 o C at the central region of the left surface (red color) and a convection of a reference ambient temperature T ref = 20 o C. The conductivity of the solid material is assumed to be k = 0.385W/(mm · K) and the convection coefficient is h = 10 −5 W/(mm 2 ·K). The model is discretized into 100×100×4 linear hexahedral elements. The optimization objective is to maximize the reaction flux 1 at the region where prescribed temperature applies. In addition, the problem is subject to a volume constraint, which must be less or equal to 40% of the design domain. Fig. 1(b) shows the optimized density distribution 2 by using a design-independent convection, where a constant convection coefficient is assumed over the outer boundary of the design domain during the optimization. The corresponding validation result in Tab. 1 shows that it achieves a total reaction flux of 138.5W at the prescribed-temperature region. As a comparison, the optimized design with a design-dependent convection is given in Fig. 1 (c). It not only shows different topology and shape from the previous design but also possesses a larger surface area and a better thermal conductive behavior with a total reaction flux of 144.2W at the prescribedtemperature region. Note, that both designs are obtained under the same optimization parameters except for the convection scheme. Thus, it can be concluded that for even the present simple heat transfer problem, by using the design-dependent convection scheme has a significant impact on both the optimized structural layout as well as the objective value.
Fig. 1: Topology optimization with a constant and a design-dependent convection: (a) design domain and boundary conditions; (b) optimized density distribution using a constant and design-independent convection; (c) optimized density distribution using a design-dependent convection.
An integrated CAD and CAE workflow
The proposed solution is based on an integrated Computer Aided Design (CAD) and Engineering (CAE) workflow enabled by Dassault Systèmes. As shown in the flow chart in Fig. 2 , a geometric model is initially prepared in a CAD software, such as Catia or Solidworks, and then a finite element model is created in SIMULIA-Abaqus for topology optimization. Upon setting up the optimization goals and constraints with thermal related design responses, a simulation based topological design process is executed using SIMULIATosca. For each design iteration, the considered problem of steady-state heat transfer under convection is simulated using SIMULIA-Abaqus. After that, the optimization module performs an adjoint sensitivity analysis and uses a gradient-based optimizer to search for an optimized design. Once the optimization process converges by satisfying certain stopping criteria, the optimized density distribution is smoothed and transferred into a CAD model. Finally, a finite element model is generated accordingly for performance verification. Downstream applications such as detailed design or further shape optimization can be performed based upon the optimized smoothed design.
Design Examples
The present section shows several examples demonstrating the applicability of the proposed solution. Manufacturing restrictions such as minimum member size, symmetry, casting and extrusion constraints are leveraged in the topology optimization process. The casting constraint is applied to avoid undercut along the pulling direction for casting and to prevent possible nucleation of internal holes. The latter will cause unrealistic energy loss based on the simplified engineering convection scheme considered. Note, that the optimized structure may not be castable if more than one casting constraint is used. Some key results and statistics at the workflow, including the optimized density distributions, the convergence curves, the corresponding smoothed designs and verification results are provided.
Topology optimization with different types of finite elements
One prerequisite for general industrial application of topology optimization is to support different types of finite elements. The present section demonstrates the robustness of SIMULIA-Tosca on topologically designing a heat conductor using different types of elements. The initial geometry of the model and boundary conditions are given in Fig. 3(a) , where a cube is subject to a heat flux of magnitude 2.0W/mm 2 at the central region (purple color) of o C and h = 10 −5 W/(mm 2 · K) over the design domain (brown color). The dimension of the cube is 40 × 40 × 40mm and the conductivity is k = 0.237W/(mm · K). The design problem is to minimize the thermal compliance subject to a volume constraint of 20% of the design domain. The thermal compliance is defined as a summation of the product of the equivalent nodal heat flux and temperature values at the external-flux region. The convergence criterion is a measurement based upon (i) the change in the objective function to be less than or equal to 0.1% (ii) the change in the density to be less than 0.1% between a current and a previous optimization iteration.
The cube is discretized with four different types of finite elements, namely linear tetrahedrons (DC3D4), quadratic tetrahedrons (DC3D10), linear hexahedrons (DC3D8) and quadratic hexahedrons (DC3D20), respectively. The optimized designs are compared in Fig. 3(b-q) . Each row of figures shown from left to right lists the element type, the density distribution and the smoothed designs from isometric and top views, respectively. All of the four optimizations converge to the same topology and almost the same shape. The statistics of the optimization, including the number of elements and nodes per mesh, and verification results of the four smoothed designs using quadratic tetrahedron (DC3D10) meshes are listed in Table 2 . All of the four designs have an average temperature around 80 o C at the external-flux region. The slight difference in the volume is due to postprocessing, e.g. the iso-surface cut from the density model and smoothing. The performance of the designs obtained by the tetrahedron meshes are better than those by the hexahedron meshes because more elements are applied in the optimization. The convergence curves of all designs are shown in Fig. 4 , in which there are up to 10% difference in evaluating the thermal compliance between using linear and quadratic elements. Note, that two additional symmetry constraints are imposed for the tetrahedron meshes in order to ensure symmetric results as shown in Fig. 3 (c-e) and (g-i). Otherwise the optimized results are slightly asymmetric due to asymmetric meshing of the design domain.
The smoothed design proposals shown in Fig. 3 exhibit a structural topology connecting the heat source to the four sinks (T = 0 o C) at the middle regions of the edges on the top surface. The other four heat sinks at the corners as shown in Fig. 3(a) have a longer distance from the heat source and thus, they are less efficient in energy transfer. Verification shows that only 2% of the energy is transferred through convection in this example. Hence, the problem here is conduction-dominated. Nonetheless, it demonstrates the flexibility of SIMULIA-Tosca in handling different types of finite elements and yielding consistent results irrespective upon continuum element types for heat-transfer based topology optimization .
Topological design of an electric motor cover
Optimized design with thermal design responses
The proposed solution is applied to design of an electric motor cover such that the heat generated from the motor can be transferred efficiently to surrounding environment. Fig. 5 shows the geometric model (a half of the E-motor cover) consisting of design and non-design domains. The model is subject to a uniform surface heat flux of magnitude 0.02W/mm 2 at the inner wall. Meanwhile a forced convection exists over the structural surface. The model has a length of 170mm and a radius of 70mm. It is discretized with a mesh consisting of 46574 linear hexahedral elements, 2522 linear wedge elements and 1474 linear tetrahedral elements. Other parameters are set as:
The design problem is to minimize the thermal compliance subject to a volume constraint of 50% of the entire structure, including both design and non-design domains. By applying casting constraints along the radial direction of the motor's central axis, two conceptual design proposals with different minimum member sizes are presented in Figs. 6 and 7, respectively. For comparison, the optimized density distribution, the corresponding smoothed design, the verification results showing the temperature distribution and the convergence curves are given for both designs. The first design as shown in Fig. 6 is obtained by applying a minimum-member-size restriction of 10mm. For such a design, spike-shape structures appear over the electric motor cover in order to effectively transfer the heat to the environment. By enlarging the minimum length scale to 20mm, thicker wall structures are observed in the optimized design as shown in Fig. 7 . The detailed verification results for average temperature at the flux region as well as the maximum and the minimum temperature over the structure are recorded in Tab. 3. The verification reveals as expected that the design with a smaller member size achieves a better heat transferring capability compared to the other, though the volume ratios of two verification models are slightly different.
Optimized designs with different material and convection coefficients
For the combined conductive and convective heat transfer problems, the dimensionless Biot number B = h·Lc k , where L c is a reference length, quantifies the ratio of heat transfer resistances at the surface and inside of a structural body. For topology optimization of such a problem, different Biot numbers will result in different optimized structural layouts (Alexandersen (2011a,b) ; Coffin and Maute (2015) ). Generally, a high B value leads to a design with pronounced structural features, such as elongated thin arms for which the planner surface area is maximized for an efficient heat dissipation through convection. In contrast, a low B value usually results in an optimized design with material accumulating near the heat source. Such phenomena are reproduced here by designing the E-motor cover with copper and steel using different convections. Fig. 8 compares two design proposals, where Fig. 8(a) is the same as that in Fig. 6 with k = 0.385W/(mm · K), h = 2 × 10 −5 W/(mm 2 · K) and Fig. 8(b) is obtained with a lower conductivity k = 0.065W/(mm · K) and a higher convection coefficient h = 5 × 10 −3 W/(mm 2 · K). For the latter case with a high B value, the conductive material accumulates around the heat source of the E-motor cover in layers of fins along its central axis. Note, that both optimization processes are executed for the same volume fraction and with the same (2015)). Readers are referred to the references therein for further discussions on the impact of applying different materials and convection coefficients in topology optimization.
Topological design of heat sinks
Optimization with thermal and static design responses
Heat sinks are passive heat exchangers that are used widely in electronic devices to cool key components such as central processing unit (CPU) or graphics cards in a computer. In this section, several heat-sink designs for a CPU are presented by using topology optimization and their thermal and static performance are compared. The initial geometry and boundary conditions are given in Fig. 9 . It consists of a design domain (the upper cubic part) of dimension 100 × 100 × 50mm and a non-design domain (the bottom base) of dimension 40 × 40 × 10mm for assembly purpose. A uniform surface heat flux of magnitude 0.1W/mm 2 is applied at the bottom surface and a forced convection exists over the structural boundaries. The optimization problem is to minimize the thermal compliance s.t. a volume constraint of 30% of the initial geometry. The model is discretized into 72000 linear hexahedral elements for finite analysis. For the solid material, the Young's modulus of 70GPa, the density of 2.8 × 10
−6 kg/mm 3 and the Possion ratio of 0.35 are assumed. Other parameters are set as follows: Table. 5. For comparison, three other design proposals with the same volume fraction and a similar length scale are obtained using topology optimization. Fig. 11 shows the first optimized heat sink (Design I) and its verification results. This design is obtained by applying three manufacturing constraints (extrusion, casting and symmetry) in the topology optimization process. The direction of the extrusion is out of plane and the casting direction is in the 45-degree direction on each half of the structure. The overall design process converges in 26 design iterations with an active volume constraint. The second design proposal (Design II) is given in Fig. 12 , which is obtained by applying one symmetry constraint and one casting constraint in the upward direction normal to the base. This design possesses spikes and thin-walled structures which follow the casting direction and spread over the base. The optimization process takes 28 design iterations to converge with an active volume constraint.
To evaluate the performance difference between the density model and the final CAD design, the optimization value of Designs I and II from SIMULIATosca are recorded in Table. 4. Note, that the minimum temperature in the design domain appears in the void region, which equals to the ambient reference temperature. Comparing to Table. 5, the verification results slightly differ from the optimization value as shown in Table. 4 for several reasons. First, design-dependent convection coefficients are assumed inside the design domain in optimization, while in verification a constant convection coefficient is considered over the structural surface of a solid-void CAD model. Second, the verification model (CAD model) deviates from the density model after the iso-surface extraction, smoothing and local surface modifications. The differences on the volume fraction between the verification and optimization models are feasible from an engineering point of view. In this example, Design II exhibits a better heat transfer capability as its average temperature at the flux regions is lower than that of Design I. Besides, as a by-product of this optimization, the maximum temperature of Design II is also lower than that of Design I.
In practice, it is common to have both static and thermal design requirements for the same design. Here, a third design proposal is obtained by maximizing the fundamental structural frequency of the heat sink subject to a thermal constraint that the maximum temperature of the heat sink must not exceed 60.0 o C. The volume fraction constraint and manufacturing restrictions are the same as those in Design I. Fig. 13 shows the smoothed design, the corresponding temperature distribution and the 1 st eigenmode shape. Comparing to Design I, this heat sink possesses shorter fins with major material accumulating around the base. It achieves a fundamental frequency of 147.9Hz and a maximum temperature of 73.6 o C in the post-processed design. Note, that although in the optimization process the temperature constraint T max ≤ 60 o C is strictly satisfied, the final temperature of the smooth result deviates from the constrained value by 22% due to the intermediate density in optimization and the postprocessing of the density model into solid-void CAD model by an iso-surface cut.
Verification with a thermo-fluidic model
The reference heat sink and optimized Design I in the previous section are further verified with thermo-fluid based conjugate heat transfer in COMSOLMultiphysics (2015) . As shown in Fig. 14(a) , the heat sink is placed at the bottom of a computational domain, where a laminar air inflow of an average velocity rate 10.5m/s and initial temperature 20
o C is applied from the left inlet to the right open boundary. The other four sides of the domain are assumed as walls with no fluid penetration. In addition, the material property of the heat sink and the external heat flux are the same as those in the previous verification using SIMULIA-Abaqus. In practice, the relation between the convection coefficient h and fluid velocity is affected by various factors, such as material properties, boundary conditions and part orientation which must be evaluated by experiments. Since the goal here is to demonstrate the design efficiency of the proposed design approach and solutions, the velocity of air is chosen based on an experimental study in Xiao et al (2011) for simplicity.
The steady-state fluid velocity and temperature distribution over the reference heat sink are given in Fig. 14(a-b) respectively. Furthermore, Fig. 15(a-b) shows the corresponding simulation results of the optimized design. Comparing to the verification results as shown in Figs. 10 and 11, which use a simplified convection model and a uniform ambient temperature, the temperature distribution over the heat sink here increases gradually in the direction of the fluid flow. The detailed thermal performance of two designs, including the average temperature at the flux region, the maximum and minimum temperature over the heat sink, are evaluated and listed in Tab. 6. Although the temperature values are different from those in previous section by using a different simulation model, the optimized Design I still exhibits a better thermal performance than the reference design. To this end, both verifications indicate that the proposed design optimization solution is able to yield efficient structural designs for combined conductive and convective heat transfer problems. 
Conclusions
An industrial solution for topology optimization of combined conductive and convective heat transfer problems is implemented in Dassault Systemes software solutions and numerical industrial experiments show promising results. The topology optimization feature is provided by SIMULIA.Tosca, where a simplified engineering model is utilized to model the design-dependent convection during the optimization process. Such a strategy allows for a seamless integration with the static-state heat simulation module in SIMULIA.Abaqus. Several design examples of different problem setups are given to demonstrate its applicability. Verification results of each optimized design are derived by either the steady-state heat transfer using the engineering convection scheme or the conjugate heat transfer with a thermo-fluidic model. Both studies indicate that the proposed solution is able to yield efficient design proposals for various practical design scenarios. Industrial applications can benefit from such a solution in designing topologically optimized structures with effective thermal management. 
